mice is linked to an inhibition of the inflammatory response that controls lipid metabolism and myofibroblast activation. This study highlights the deleterious effect of Gas6 in the progression of steatosis to steatohepatitis and fibrosis. chronic liver diseases; macrophages; liver progenitor cells; CDE diet; Axl THE PROTEIN PRODUCT OF THE growth arrest-specific gene 6 (Gas6) is a secreted ligand for Tyro3, Axl, and Mer, the TAM tyrosine kinase receptors (11) . The Gas6/Axl pathway promotes hematopoietic stem cell growth (8) and fibroblast or endothelial cell survival (12, 39) and has been implicated in regeneration and tissue repair (27) . In the liver, we reported that Gas6 and its high-affinity receptor Axl are expressed by macrophages, hepatic stellate cells (HSC) in their myofibroblastic phenotype (19) , and liver progenitor cells (LPC) (5) . We also reported that Gas6 exerts a survival effect on myofibroblasts and liver precursor cells in vitro and controls liver repair (20) . Other recent studies revealed that TAM receptors have a pivotal role in the control of innate immunity (24) and that Gas6/TAM signaling is involved in inflammation by enhancing interactions between endothelial cells and leukocytes (41) as well as by facilitating the engulfment of apoptotic bodies by macrophages (38) . Moreover, the induction of Axl limits cytokine synthesis in activated monocytes or dendritic cells (35) . In Gas6 Ϫ/Ϫ mice, a high and constitutive expression of Axl leads to delayed wound healing process after a single carbon tetrachloride (CCl 4 )-injection, by limiting Kupffer cell activation, macrophage infiltration, and HSC myofibroblastic transformation in necrotic areas (20) . Altogether these data suggest that the Gas6/Axl pathway, through the control of inflammation and liver repair, may have a prominent role in the pathogenesis of chronic liver diseases.
Steatohepatitis is one of the leading cause of liver-related morbidity and mortality in developed Western countries. Whatever its etiology, steatohepatitis is characterized by fat storage in hepatocytes, lobular inflammation, elevated local and systemic cytokines, activation of HSC, and expansion of LPC in periportal areas reported in human as well as in animal models (31, 34) . Steatohepatitis is a risk factor associated with toxic and metabolic fatty liver disease and can progress to end-stage cirrhosis (9) . According to the two-hit model of steatohepatitis, steatosis is the first hit that increases hepatocyte vulnerability to any secondary insult eliciting an inflammatory response, but most probably both events are tightly interconnected since fat accumulation per se induces oxidative injury and inflammatory cytokine synthesis (6) . The persistent lowgrade inflammation due to chronic hepatocyte damage plays also a critical role in LPC expansion, which may play a part in fibrosis (4, 23, 31, 34) .
To address the role of Gas6 in steatohepatitis, Gas6-deficient mice were fed a choline-deficient ethionine-supplemented (CDE) diet, which is an experimental toxic model with a compensatory LPC proliferation (1), as observed in human fatty liver disease and other chronic liver diseases (4, 23, 31, 34) . We show that Gas6 invalidation protects the liver from the development of CDE-induced steatohepatitis and reduces LPC expansion and the progression to fibrosis. The profibrogenic role of the Gas6/Axl pathway was also confirmed in the classical model of hepatic fibrosis induced by chronic CCl 4 injection and after 18 wk of thioacetamide (TAA) intoxication.
MATERIALS AND METHODS
Animal models of liver injury. Steatohepatitis was induced by feeding mice a CDE diet consisting of choline-deficient chow (ICN Biomedicals) and drinking water supplemented with 0.15% (wt/vol) ethionine (ICN Biomedicals) for 3, 7, 14 or 21 days; control mice received normal chow and drinking water. Studies were performed on 6-to 8-wk-old male Gas6 Ϫ/Ϫ mice bred for 18 generations in the C57BL/6 genetic background (44) and wild-type (WT) C57BL/6 mice (Janvier Animal Center, Le Genest Saint Isle, France). Each group included 7-12 animals and the food and drink intake was not statistically different between WT and Gas6 Ϫ/Ϫ mice. Liver fibrosis was induced in 11-wk-old male Gas6
Ϫ/Ϫ and WT mice injected intraperitoneally with CCl4 (0.5 ml/kg body wt diluted in olive oil 1:10) twice a week for 10 days or 4 or 6 wk. Control mice received the vehicle only and each group included five to eight animals.
Mice were killed after overnight fasting and blood samples were collected from the inferior vena cava. Liver was excised and divided into five parts. One part was fixed in 10% buffered formalin and embedded in paraffin, the second one was snap-frozen for immunofluorescence studies, and three parts were lysed for RNA, protein isolation, and triglyceride extraction. All animal manipulations were performed according to the recommendations of the French ethical committee and under the supervision of authorized investigators.
Histological and immunohistochemical analysis. Liver histology was assessed on 4-m-thick paraffin-embedded liver sections stained with hematoxylin and eosin (H&E). Necroinflammation score (including ballooning degeneration, necrosis, and inflammation) was blindly assessed on sections from three liver lobes and graded on a four-point scale as 0 (absent), 1 (mild or focal), 2 (noticeable), and 3 (severe). Steatosis was graded according to the percentage of hepatocytes containing cytoplasmic lipids droplets as follows: 0, Ͻ5%; 1, 5-20%; 2, 20 -30%; 3, Ͼ30%. Hepatic fibrosis was analyzed after picrosirius red staining and quantitatively assessed by measuring the stained surface on sections (at least 5 fields per animals) at ϫ25 (CCl 4) or ϫ100 (CDE) magnification and digitized through a Zeiss microscope coupled to a SPOT camera and analyzed by using Image-Pro plus software (Media Cybernetics).
Immunofluorescent staining of cytokeratin 19 (CK19) was carried out on 5-m-thick frozen sections with mouse monoclonal anti-CK19 (1/ 200, TromaIII, Developmental Studies Hybridoma Bank, University of Iowa) and FITC-labeled rat IgG (1/100, Star80 Serotec). CK19-positive surface was assessed by using ImageProPlus software (3-6 entire liver sections per animal at ϫ4 magnification) and expressed as the percentage of the total parenchymal surface. Immunohistochemistry of ␣-smooth muscle actin (␣-SMA) and F4/80 were carried out on paraffin-embedded sections as previously described (20) .
Biochemical assays. Alanine aminotransferase (ALT) activity was measured on sera via an Advia 1650 automate (Bayer Diasys). Hepatic triglycerides were extracted from liver homogenates (50 mg of protein) prepared in 1 ml of chloroform-methanol (2:1 vol/vol) using TissueLyser (Qiagen). The homogenate was centrifuged for 10 min at 1,000 g and 0.2 ml H 2O was added to the lipid phase. Following an additional centrifugation for 20 min at 2,400 rpm, the lipid extract was collected from the lower phase, evaporated, and dissolved in 1 ml isopropanol. Triglycerides were quantified by use of a commercial triglyceride determination kit (Sigma).
Protein analysis. Fifty micrograms of protein from snap-frozen liver were used for Western blotting as previously described (19) with antibodies against Axl (Santa Cruz Biotechnology) and anti-␤-actin clone AC15 antibody (Sigma) used to correct for unequal loadings.
RNA analysis. Total RNA (1 g) isolated from liver using the RNeasy mini kit (Qiagen) was reverse transcribed and specific cDNA amplifications were performed by using primers listed in Table 1 ; ratio of target mRNA relative to ribosomal 18S RNA was expressed as fold induction over values obtained from WT control animals as previously described (20) .
Statistical analysis. All data are expressed as means Ϯ SE. Statistical analysis were performed by Student's t-test (CDE diet; n ϭ 7-12) and the nonparametric Mann-Whitney U-test (chronic CCl 4 intoxication; n ϭ 5-8) with PRISM 4.0 (GraphPad). A P value of less than 0.05 indicated a significant difference between WT and Gas6 Ϫ/Ϫ mice (*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001). Data are means Ϯ SE for Body and liver weights, serum alanine aminotransferase (ALT) activity, and necroinflammation scores were measured in wild-type (WT) or Gas6 Ϫ/Ϫ mice on choline-deficient ethionine-supplemented diet (CDE) feeding on days 7, 14, and 21 (D7, D14, D21) or receiving control diet (D0). *P Ͻ 0.05) or †P Ͻ 0.01, significant difference from control diet; ‡P Ͻ 0.05 or §P Ͻ 0.001 significant difference between WT and Gas6 Ϫ/Ϫ mice.
RESULTS

Gas6 deficiency prevents the development of CDE-induced steatosis. In basal conditions, WT and Gas6
Ϫ/Ϫ mice did not exhibit any difference in body weight, liver morphology, and triglyceride content. After CDE feeding, in both WT and deficient mice, we noticed a transient loss in body weight that was maximal at day 7 and represented up to 17% of the initial weight (Table 2 ). In WT CDE-treated mice, liver weight was significantly higher compared with untreated mice at day 7, an increase that was observed later at day 14 in Gas6 Ϫ/Ϫ mice. Administration of CDE diet also induced hepatocellular necrosis revealed by an increase of serum ALT at day 7, which was lower and delayed in deficient animals. A rapid ballooning degeneration of hepatocytes and an infiltration of inflammatory cells, assessed by a necroinflammation score (Table 2) , were observed at day 7 in WT animals and decreased thereafter. In Gas6 Ϫ/Ϫ mice, this necroinflammation score reached its maximum 1 wk later. Then both genotypes recover gradually their initial body and liver weight and normal ALT level 3 wk after CDE treatment.
Feeding WT mice the CDE diet resulted in accumulation of lipid droplets within hepatocytes, as illustrated on typical sections (Fig. 1A) . Steatotic hepatocytes were preferentially located in pericentral or midlobular areas, as previously reported in WT mice fed a methionine-and choline-deficient (MCD) diet (43) . This macrovesicular steatosis reached its maximal level after 1 wk, as shown by semiquantitative analysis of steatosis (Fig. 1B) . Consistent with the morphological changes, total triglyceride liver content at day 7 in WT mice was increased by 68% in CDE compared with control diet (Fig.  1C ) but remained unchanged in Gas6 Ϫ/Ϫ mice (Fig. 1, B and  C) . On the other hand, in deficient mice, steatosis (Fig. 1B) and liver weight (Table 2) reached the values obtained in WT animals at a later stage (day 14). In summary, Gas6 deficiency delayed hepatic accumulation of lipids and hepatomegaly during CDE diet, an effect that cannot be linked to reduced body weight, which was similar in both types of mice.
To understand the mechanism by which Gas6 interferes with CDE-induced steatosis at day 7, we further analyzed the expression of hepatic lipid metabolism genes (Fig. 2) . CDE feeding was associated with increased expression of CD36 hepatic fatty acid translocase with no significant difference between both genotypes. Such an induction has also been reported in MCD-induced steatohepatitis (42) . Expression of microsomal triglyceride transfer protein (MTP), essential for triglyceride export and fatty acid synthase (FAS), the ratelimiting enzyme for hepatic lipogenesis (42), were not significantly changed by the CDE diet in both genotypes (Fig. 2) . As previously observed with MCD diet, CDE feeding caused a rapid and marked repression of stearoyl-CoA desaturase-1 (SCD1), the rate-limiting step in the biosynthesis of monounsaturated fatty acids, at day 3 in both genotypes. At day 7, SCD-1 mRNA expression remained significantly higher in Gas6 Ϫ/Ϫ mice than WT animals. Levels of acyl-CoA oxidase-1 Fig. 1 . Effect of Gas6 deficiency on choline-deficient ethionine-supplemented diet (CDE)-induced steatosis. A: hematoxylin and eosin (H&E) staining of liver sections from wild-type (WT) and Gas6 Ϫ/Ϫ mice under control or CDE diet at day 7 (original magnification ϫ100). Lipid vacuoles accumulated in pericentral and midlobular hepatocytes of CDE-treated WT mice. PV, portal veins. B: semiquantitative analysis of steatosis on liver sections on CDE diet showed reduced steatosis at day 7 in deficient mice. C: hepatic triglyceride content was decreased at day 7 of CDE diet in Gas6 Ϫ/Ϫ mice. D3, D7, and D14, days 3, 7, and 14, respectively. *P Ͻ 0.05 and **P Ͻ 0.01.
(ACOX1) and carnitine palmitoyltransferase-1 (CPT1) mRNA coding for two rate-limiting enzymes of mitochondrial ␤-oxidation (28) were significantly decreased in WT mice at day 3 and increased thereafter to recover the level found in untreated WT mice (Fig. 2) . Interestingly, this CDE-induced downregulation in the expression of both enzymes did not occur in Gas6 Ϫ/Ϫ mice, and expression of PPAR␣, a transcriptional factor central to regulation of ␤-oxidation genes, was itself transiently reduced in CDE-treated WT mice and not in Gas6 Ϫ/Ϫ mice (Fig. 2) . Therefore, prevention of CDE-induced downregulation of ␤-oxidation genes may account for delayed steatosis in Ga6 Ϫ/Ϫ mice (Fig. 1 ).
Gas6 deficiency reduces CDE-induced liver inflammation.
In parallel to steatosis, CDE treatment induced a marked infiltration of monocytes/macrophages in WT mice, as revealed by F4/80 immunolabeling that localized around steatotic hepatocytes at day 7 (Fig. 3A) and that was considerably reduced in Gas6 Ϫ/Ϫ mice. Macrophage infiltration quantitated by F4/80 mRNA expression was increased by 14-fold in CDE-treated WT animals at day 7 compared with untreated controls, whereas CDE treatment was without significant effect in deficient mice (Fig. 3A) . In summary, CDE-treated mice developed a steatohepatitis characterized by fat accumulation in hepatocyte and inflammatory cell infiltration, which was prevented by Gas6 deficiency. Since macrophages are the primary source of inflammatory cytokines, we analyzed liver expression of several cytokines including interleukin-1␤ (IL-1␤), tumor necrosis factor-␣ (TNF-␣), monocyte chemotactic protein-1 (MCP1), which is essential to the recruitment of circulating monocytes, and lymphotoxin-␤ (LT␤), which stimulates LPC expansion (2) . Hepatic expression of these cytokines was rapidly but transiently induced by CDE diet (Fig.  3B) , with cytokine mRNA levels returning to initial level by day 21. The maximal expression of IL-1␤ was observed after Fig. 2 . Effect of Gas6 deficiency on hepatic lipid metabolism in CDE-fed mice. Quantitative RT-PCR analysis revealed an enhanced hepatic level of CD36 mRNA following CDE diet, whereas expression of MTP and FAS was unchanged. Hepatic expression of mitochondrial ␤-oxidation genes (ACOX1, CPT1A, and PPAR␣) were decreased on CDE diet in WT but not Gas6 Ϫ/Ϫ mice. SCD-1 mRNA expression was suppressed at day 3 in both genotypes and remained significantly higher in Gas6 Ϫ/Ϫ mice at day 7. *P Ͻ 0.05 and **P Ͻ 0.01.
3 days on CDE diet whereas mRNA levels from other cytokines peaked later at day 7. Expression of these mRNA was largely prevented upon exposure of Gas6-deficient mice to CDE diet. Newly liver recruited macrophages were quantitated by measuring the expression of CCR2, the MCP1 receptor expressed on circulating monocytes and not on resident Kupffer cells (26) . The 60-fold increase in CCR2 mRNA expression revealed a recruitment of macrophages which was maximal at day 7 in WT mice (Fig. 3B ) and largely prevented in deficient mice. It should also be noted that the peak of IL-1␤ mRNA was obtained at day 3, before the peak of CCR2, suggesting that IL-1␤ mRNA induction results rather from an increase of its synthesis in resident Kupffer cells than from newly recruited macrophages. In summary, Gas6 deficiency limits CDE-induced macrophage recruitment, leading to a decrease in the production of inflammatory cytokines in liver of Gas6 Ϫ/Ϫ mice. Gas6 deficiency inhibits the accumulation of LPC in CDEfed mice. In H&E-stained liver sections from CDE-treated WT mice, we observed a proliferative response of LPC with small ovoid nuclei (also called oval cells), organized in ductules with a poorly defined lumen, predominating in periportal areas and extending to midlobular zone (data not shown) as previously described (1, 15, 17) . These LPC were easily detected by expression of CK19, a marker of bipotent oval cells. In control animals, CK19 staining revealed interlobular bile ducts and few cholangioles without any difference between WT and Gas6 Ϫ/Ϫ mice (Fig. 4A) . In CDE-fed WT mice, CK19-positive LPC located close to the portal region and their number increased with duration of treatment, forming larger clusters expanding inside the lobule at day 21 (Fig. 4A) . In control WT mice, CK19 fluorescent labeling covered less than 0.5% of the liver section and reached 5% after a 3-wk CDE treatment (Fig.  4B) . These data are in full accordance with LPC expansion already documented by this model (43) . In Gas6 Ϫ/Ϫ mice, CK19-positive cells covered less than 2% of the sections at the end of the treatment (Fig. 4B) , revealing reduced LPC accumulation in response to CDE diet.
Gas6 deficiency reduces liver fibrosis. Picrosirius red staining revealed a moderate perisinusoidal collagen deposition starting from the portal region and extending into the lobule, which represented 9% of liver area in CDE-fed WT mice at day 21 (Fig. 5A ). This amount of collagen was significantly attenuated in CDE-treated Gas6 Ϫ/Ϫ mice (5.15 Ϯ 0.99%). Messenger RNA expression of ␣1 chain of collagen 1 (Col1A1) was increased up to 45-fold over basal level in WT mice after 1 wk of treatment and decreased thereafter (Fig. 5B) . A similar profile was obtained for the expression of profibrotic Col3A1 mRNA (data not shown). Induction of collagen synthesis was largely prevented in Gas6 Ϫ/Ϫ mice, corroborating the low level of matrix deposition induced in those mice on CDE diet (Fig. 5A) . Altogether, these data show that Gas6 deficiency limits fibrosis progression in response to CDE-induced steatohepatitis.
Activation of HSC into ␣-SMA-positive myofibroblasts is a major fibrogenic process driven by cytokines released from activated macrophages. After 1 wk of CDE diet in WT animals, numerous ␣-SMA-positive cells located mainly in portal areas of the liver and infiltrated to the mid part of the lobules as recently reported (43) . At later time points, ␣-SMA labeling decreased and was limited to few cells in close vicinity of LPC expansion (data not shown). In deficient mice, whatever the CDE time course, no staining for ␣-SMA was observed (Fig.  5C ) except in vessels of the portal tract also labeled in control livers (data not shown). Quantitation of ␣-SMA mRNA confirmed the increased number of myofibroblasts in CDE-treated WT mice, which peaked at day 7 and decreased thereafter (Fig.  5D) ; such an induction at day 7 was not detected in treated Gas6 Ϫ/Ϫ mice. Desmin labeling, a hallmark of quiescent HSC, was not modified by the diet in both type of mice (data not shown). Therefore, the very few number of ␣-SMA-positive HSC in CDE-treated Gas6 Ϫ/Ϫ mice, not accounted by a decrease in desmin-positive HSC, suggests a defective myofibroblastic activation of HSC in those deficient mice.
Hepatic expression of transforming growth factor-␤ (TGF-␤) mRNA, coding for the main fibrogenic mediator secreted by activated HSC and macrophages, was increased up to 16-fold over control level in CDE-fed WT mice at day 7, whereas such an induction was significantly decreased in deficient mice (Fig. 5E ). This result is in accordance with CDE-induced infiltration of Fig. 4 . Gas6 deficiency limits CDE-induced liver progenitor cell (LPC) accumulation. A: in control WT and deficient mice, CK19 immunolabeling was restricted to epithelial cells lining interlobular ducts and to few cholangioles. After 3 wk of CDE diet, labeling revealed also LPC expansion in the lobule from WT animals, which was reduced in deficient mice (original magnification ϫ40). B: quantitative analysis of labeled areas confirmed the reduced LPC accumulation in Gas6 Ϫ/Ϫ mice. *P Ͻ 0.05. macrophages ( Fig. 2A) and activation of myofibroblasts upon CDE diet in WT but not in Gas6 Ϫ/Ϫ mice (Fig. 5, C and D) . To further address the role of Gas6 in hepatic fibrogenesis, deficient mice were submitted to a chronic CCl 4 intoxication, a more classical model of liver fibrosis. At 4 wk of treatment, picrosirius red staining showed liver fibrosis scored F2/F3 (Metavir analysis) in six of seven WT animals, whereas in the group of deficient mice, four were scored F0/F1 and one F2 (data not shown). At 6 wk, all WT animals were scored F3 whereas 5 Gas6 Ϫ/Ϫ mice where scored F1/F2 and one F3 (Fig. 6A) . The fibrogenic effect of Gas6 in this model was confirmed by the significantly higher surface section stained by picrosirius (Fig. 6A ) in WT mice (5.2% of liver area) than in deficient mice (2.85%) at 6 wk, whereas the serum ALT activity in both groups was not significantly different (Fig. 6B) . The decreased inflammatory response, which limits the fibrogenesis reported above in Gas6 Ϫ/Ϫ mice on CDE diet, could also account for reduced fibrosis in CCl 4 model. Indeed the increase in hepatic F4/80 immunostaining and mRNA expression (Fig. 6C ) in WT mice 10 days after the induction of the fibrogenic process, was not observed in deficient mice. At this stage, we also noticed a lower level of ␣1 chain of collagen 1 and 3 mRNAs in Gas6-deficient mice (data not shown). Thus early defective macrophage infiltration in Gas6 Ϫ/Ϫ mice slows down CCl 4 -induced liver fibrosis progression. In another toxic model (Supplemental Fig. S1 ; the online version of this article contains supplemental data) using TAA feeding in drinking water (200 mg/l) for 18 wk (37), we also observed that Gas6 Fig. 5 . Gas6 deficiency reduces fibrogenesis in CDE-fed mice. A: in CDE-fed WT mice, picrosirius red staining of liver sections revealed matrix deposition at 3 wk forming a sinusoidal network (arrows) that covered 9% of liver area and was significantly reduced in Gas6 Ϫ/Ϫ mice. Original magnification ϫ200. B: messenger RNA levels of ␣1 chain of collagen 1 and 3 were strongly reduced at 7 days of CDE treatment in deficient mice compared with WT animals. C: after 7 days of diet, ␣-smooth muscle actin (␣-SMA)-positive cells were immunodetected inside the lobule of WT but not in deficient mice (original magnification ϫ200). Hepatic ␣-SMA (D) and TGF-␤ (E) mRNA analyzed by quantitative RT-PCR are reduced in Gas6 Ϫ/Ϫ mice compared with WT animals at day 7. *P Ͻ 0.05 and **P Ͻ 0.01. deficiency significantly reduced progression of fibrosis (Supplemental Fig. S1A ) without modifying TAA-induced liver injury (Supplemental Fig. S1B ). In conclusion, these results provide a new insight to the importance of Gas6 in progression of chronic liver diseases to fibrosis.
Liver Axl receptor is overexpressed in Gas6 Ϫ/Ϫ mice in CDE and CCl 4 -treated mice. In untreated animals, Gas6 deficiency induced a ninefold increase in AXL protein level (Fig. 7) but remained without effect on Axl mRNA (data not shown), indicating a negative control exerted by Gas6 on its receptor Axl at a posttranscriptional level, as previously reported (20) . In CDE-fed WT mice, AXL protein level was increased up to 10-fold over basal at days 3, 7, and 14 ( Fig. 7) , an induction that could be accounted for, at least partially, by liver recruitment of Axl-positive inflammatory cells including macrophages (22) . In CDE-fed Gas6 Ϫ/Ϫ mice, the AXL protein content was further increased and represented five times the level found in CDE-treated WT mice at any time point. This Axl induction in treated Gas6 Ϫ/Ϫ mice could not be due to the recruitment of inflammatory cell, which was blocked in those mice (Fig. 3A) . A similar profile in liver AXL protein content was observed during CCl 4 treatment, with a basal and an induced level always higher in Gas6 Ϫ/Ϫ mice than in WT animals (Fig. 7) . Since Axl tempers the inflammatory response (35) , overexpression of this receptor in Gas6 Ϫ/Ϫ mice could prevent progression to steatohepatitis with CDE diet and fibrosis after chronic CCl 4 injury.
DISCUSSION
Experimental models based on choline deficiency are the most efficient models to induce steatohepatitis in rodents whereas progression of models steatosis to steatohepatitis is Fig. 6 . Effect of Gas6 deficiency on fibrosis and on monocyte/macrophage recruitment in liver of CCl4-treated mice. A: typical picrosirius red staining of liver sections revealing fibrosis in WT and deficient mice treated with repeated CCl4 injection for 6 wk (original magnification ϫ25) and quantitation of the relative liver surface stained by picrosirius red showed a slow progression of fibrosis in Gas6 Ϫ/Ϫ mice compared with WT mice. B: Gas6 deficiency did not cause any change in CCl4-induced serum ALT activity at week 6 (W6). C: quantitative RT-PCR revealed a lower hepatic F4/80 mRNA in Gas6 Ϫ/Ϫ -treated mice than in WT after 10 days of CCl4 treatment, which was corroborated by a reduced number of F4/80-immunostaining macrophages in liver sections from deficient mice. Original magnification ϫ200. W4, week 4. *P Ͻ 0.05 and **P Ͻ 0.01. barely observed by feeding rodents a high-fat diet (7, 21) . Choline deficiency induces hepatocyte fat storage through an inhibition of phosphatidylcholine synthesis necessary to liver VLDL assembly and secretion (45) . It can be achieved by feeding animals a MCD diet, also reported to impair mitochondrial function (14, 28) , or by a CDE diet (1) . Choline deficiency triggers a compensatory LPC compartment activation also reported in humans (4, 23, 34) , and ethionine, an inhibitor of methionine adenosyl transferase, prevents endogenous choline synthesis from methionine and dramatically increased the hepatic accumulation of LPC (1, 34, 43) . However, both of these toxic models do not recapitulate the metabolic abnormalities commonly observed in human nonalcoholic steatohepatitis (NASH), such as insulin resistance and obesity (7, 21) . In this regard, high fat or high sucrose diet or genetically hyperphagic mice would appear more accurate models of NASH, but failed to ensure development of fibrosis (21) .
In our study, CDE diet induces a loss of body weight, liver injury and cytokine synthesis within the first 7 days of treatment as previously shown (15, 17, 43) , but all these parameters returned to basal levels thereafter, indicating that this 3-wk CDE diet could not be considered as a model of chronic liver injury. This is in contrast with a recent report also performed on a C57Bl6 genetic background (18) showing that a continuous CDE feeding for 16 wk was necessary to obtain an increase in serum ALT and steatosis. The reason for this discrepancy is still unclear but may be related to the amount of ethionine ingested by the animals. More interestingly in this later report IL-6 deficiency, which induced massive steatosis, also aggravated liver necrosis, steatohepatitis, and fibrosis. Conversely, in our study lower steatosis in Gas6 Ϫ/Ϫ mice was associated with reduced ALT. Altogether, these results established that fat storage in hepatocyte has a deleterious effect and may drive the pathogenic process in CDE model. After 3 days of CDE diet, liver from WT animals displayed a decreased expression of PPAR␣ and its target genes CPT1A and ACOX1 involved in fatty acid ␤-oxidation. As reported in MCD, CDE diet induced CD36 expression favoring fatty acid uptake and suppressed SCD1 mRNA preventing synthesis of unsaturated fatty acids, indicating that the lipogenic pathway was altered in both models (32, 33, 42) . Then increased fatty acid uptake and decreased triglyceride synthesis and fatty acid oxidation represent three mechanisms by which CDE diet could promote intrahepatic lipid accumulation. The failure of CDE diet to reduce hepatic ␤-oxidation gene expression in
Gas6
Ϫ/Ϫ mice could account for a more efficient fatty acid catabolism and delayed steatosis in those mice. Since SCD1 is downregulated by TNF-␣ (32), we could also hypothesize that decreased expression of this cytokine in deficient mice (Fig.  3B ) may account for a higher SCD1 expression at day 7 in Gas6 Ϫ/Ϫ . Interestingly, a role of Gas6 in fat accumulation has been reported in adipogenesis. After exposure to a high-fat diet, fat accumulation in adipose tissues was reduced in Gas6 Ϫ/Ϫ mice, without any effect on liver steatosis (25) . In this study, Gas6 directly promotes proliferation of Axl-positive preadipocytes and their differentiation into mature adipocytes (25) . In the liver, we previously demonstrated that Gas6 and its receptor Axl are not expressed in hepatocytes (5, 19) . For this reason, contribution of Gas6 to CDE-induced fat storage within hepatocytes cannot be direct but mediated by Axl-positive cells, such as macrophages, LPC, and HSC in their myofibroblastic phenotype (5, 19) .
Compelling findings in both animal and human studies have emphasized the pivotal role of inflammatory cytokines in progression of steatosis to steatohepatitis (6, 13, 30, 33, 40, 42) . CDE diet increased hepatic IL-1␤ and TNF-␣ mRNA in liver of WT mice as previously reported (17) . The level of these cytokines synthesized mostly by Kupffer cells and recruited macrophages was largely prevented in Gas6 Ϫ/Ϫ mice. Decreased macrophage recruitment in deficient mice can be accounted by reduced hepatic chemokine MCP1 expression and lack of Gas6, a chemoattractant for Axl-positive circulating monocytes (20) . In addition, the reported effects of Gas6 on endothelial cell activation and leukocyte extravasation (41) , as well as the constitutive high level of Axl receptor in Gas6 Ϫ/Ϫ mice evidenced in this study, will contribute to hold down the inflammatory response (20, 35) . However, in this CDE model, we could not observe any induction of suppressor of cytokine signaling SOCS1 and 3 (data not shown) as previously observed in an acute model of liver injury (20) . Therefore, the functional relevance of Axl overexpression in Gas6-deficient mice remains unclear and it has been described that Axl, even in the absence of ligand, can also directly interact with other membrane receptors (10) including cytokine receptors (3) and modulate the inflammatory response.
Kupffer cells are the primary source of IL-1␤ and their depletion reduces liver steatosis during MCD (33) and chronic high-fat feeding (40) . Since Kupffer cell-derived IL-1␤ promotes triglyceride storage in hepatocytes by reducing expression of PPAR␣ and its target genes involved in hepatocyte fatty mice compared with WT at basal level (control) and after CDE diet or CCl4 intoxication (arbitrary units are values normalized to ␤-actin). *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. acid oxidation (40) , it can be hypothesized that reduced IL-1␤ expression revealed in Gas6 Ϫ/Ϫ mice prevents early CDEinduced downregulation of genes involved in ␤-oxidation in hepatocytes and steatosis. Thus this study suggests that IL-1␤ participates in hepatic triglyceride storage during CDE diet. Since TNF-␣ is also a steatogenic and a death factor for hepatocytes (6, 13, 14, 28, 33, 42) , the decrease in macrophage recruitment and subsequent TNF-␣ synthesis in Gas6 Ϫ/Ϫ mice may ameliorate the hepatocyte status (in accordance with the lower value of serum ALT), reducing the need for a regenerative LPC response. Additionally, inflammatory cytokines are also mitogenic for LPC (2, 16) , exerting their effects either by an autocrine mechanism or through interactions with macrophages and HSC colocalized with LPC (36) . Decreased expression of TNF-␣ and LT␤ in Gas6 Ϫ/Ϫ mice may be involved in the 60% reduction of CDE-induced LPC accumulation in those mice.
In steatohepatitis, inflammatory cytokines orchestrate a crosstalk between different liver cell types, triggering HSC activation into myofibroblasts and fibrosis (42) . In CDE-treated WT animals, perisinusoidal fibrosis is associated to progression of steatohepatitis. Its reduction in Gas6 Ϫ/Ϫ mice is related to both defective HSC myofibroblastic transformation and TGF-␤ synthesis. It has been suggested that LPC are involved in the fibrogenic response elicited in the CDE model of steatohepatitis (15), a view also supported in human by the correlation between expansion of theses cells and the degree of fibrosis (4, 23, 31, 34) . Indeed, fibrosis developed in the portal area where LPC proliferate in close association with ␣-SMA-positive HSC, suggesting that LPC can be fibrogenic (36, 43) . Obviously progression of steatohepatitis to fibrosis does not occur simply as a result of LPC expansion since fibrosis reported on MCD diet develops without any ductular reaction (42) .
Considering that a 3-wk CDE-induced fibrogenic response might differ from chronic liver injury and could be controlled by LPC, we submitted Gas6-deficient mice to a chronic CCl 4 treatment, a classical model of liver fibrosis without any LPC activation (29) . In this model, Gas6 deficiency reduced the fibrogenic response likely as consequence of defective macrophage recruitment and overexpression of Axl receptor as observed in the CDE model. Improvement of fibrosis in Gas6 Ϫ/Ϫ mice was also confirmed in the chronic TAA intoxication model. Whatever the toxic damage, the protective effect of Gas6 deficiency on liver pathology could not simply due to lower liver injury as observed during CDE feeding, because the ALT levels in Gas6 Ϫ/Ϫ mice were not significantly different to that observed in WT animals after a single CCl 4 injection (20) or in the two chronic models of liver fibrosis (i.e., 6-wk CCl 4 and 18-wk TAA intoxication).
In summary, improvement of steatohepatitis and fibrosis in Gas6 Ϫ/Ϫ mice is linked to an inhibition of the inflammatory response that controls lipid metabolism and wound healing process. This study provides a new insight to the importance of the Gas6/Axl pathway in progression of steatohepatitis and fibrosis.
